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Starting with studies about ecological succession over a century ago, ecologists have been interested in 
the extent to which community assembly is predictable and the degree to which assembly is influenced 
by colonization history and initial conditions. Today, ecologists agree that there are two general 
processes by which communities may assemble. The first is deterministic assembly, in which 
environmental conditions determine the outcomes of species interactions, and thus under common 
environmental conditions communities converge in composition over time. The second is historically 
contingent assembly, in which colonization history - regardless of environmental conditions - create 
unique biotic conditions and unique assembly trajectories that produce divergent communities, driven 
by stochastic community drift or by priority effects. It is recognized that these processes are not 
mutually exclusive but work in concert to produce observed, mature communities in nature.  
To tease apart the roles and influences of these two processes, a field experiment in experiment was 
established in eastern Kansas that experimentally manipulated grassland communities to a wide variety 
of initial conditions in terms of species richness, species composition, and the relative abundances of 
constituent species. The subsequent convergence or divergence of these communities over eight years 
of community development was assessed not only in terms of species composition but also in functional 
trait and phylogenetic composition in order to integrate information on the niche requirements of 
coexisting species, which influences the intensity of those interactions. Furthermore, analyses of 
community composition were conducted using abundance-weighted and presence/absence data in 
order to emphasize abundance dynamics and occupancy dynamics over the course of community 
assembly.  
These analyses revealed that assembly processes varied both among different levels of community 
organization (i.e. species, functional trait, or phylogenetic composition) and among weighting schemes 
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within a level of community organization: species abundance is strongly deterministic while species 
occupancy is historically contingent; functional trait abundance is historically contingent while functional 
trait occupancy dynamics are strongly deterministic; phylogenetic dynamics are historically contingent 
regardless of weighting scheme. When functional trait analyses were broken down into individual traits, 
it was found that dynamics in among-plot dissimilarity varied widely, converging with respect to some 
and diverging with respect to others. This indicated that the broad trends in aggregate functional trait 
composition may belie the variable dynamics of different traits during assembly. 
Overall, these results provide a comprehensive and in-depth experimental study of plant community 
assembly processes by including and comparing both functional trait and phylogenetic composition in 
the assessment of community convergence or divergence, and also by considering abundance dynamics 
separately from occupancy dynamics. In doing so, the varied influences of deterministic and historically-
contingent assembly processes are better understood. It is worth noting, however, that despite a 
relatively long-term experimental dataset, eight years is a fairly short timespan on an ecological scale. As 
such, these results only characterize dynamics at the very onset of community assembly, which may 
crucially impact later dynamics, but may still be species- and context-dependent and in flux, with a 
capacity to change over time. However, these results are still valuable to our overall understand of the 
long-term processes of community assembly, with the potential to improve restoration and 
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Community assembly describes the general theoretical framework of how local assemblages form from 
larger species pools (Drake 1991, Luh & Piumm 1993, Fukami 2010). This includes, for instance (but is 
not limited to), the process of ecological succession, in which community assembly is initiated by a 
major disturbance. The assembly of ecological communities is driven by the basic processes of species 
gain (i.e. colonization), species loss (due to biotic and abiotic interactions), and fluctuations in species 
abundance (which is influenced by both colonization and interaction dynamics) (Luh & Pimm 1993). 
Species colonization is understood to have a large stochastic component, which may produce varied 
colonization histories and initial states of community composition among local communities (Drake 
1990, Law & Morton 1993). The impact of colonization history – including the role of species 
interactions associated with initial conditions – on subsequent community assembly is still poorly 
understood (Samuels & Drake 1997, Belyea & Lancaster 1999, Chase 2003, Fukami et al. 2005, Fukami & 
Nakajima 2011, Vannette & Fukami 2014) and remains a major goal in ecology (Morin 1999).  
The theoretical roots of the deterministic view of community assembly date back a hundred years to 
Clements’s (1916) theory that vegetation succession proceeds towards a well-defined climax 
community. Under deterministic assembly, species assemblages are formed through nonrandom 
interactions, driven by niche differences among species with outcomes determined by environmental 
conditions (e.g. Grime 1973, Diamond 1975, Tilman 1986, Fukami et al. 2005, Cavender-Bares et al. 
2004, Wilson & Stubbs 2012). Under strongly deterministic assembly, and with enough time for 
sufficient dispersal and interactions to play out, persistent differences in community composition 
observed among sites directly result from environmental heterogeneity and are independent of initial 
differences in colonization history (e.g. Tilman et al. 1986, Sommer 1991, Fukami 2010). 
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In contrast, community assembly may be strongly influenced by colonization history, with little impact 
from interspecific interactions, a concept pioneered by Gleason (1927) in response to Clements’ popular 
theory. Here, sites of initially different species composition will potentially assemble along different 
trajectories, diverging in community composition towards alternative stable states (Lewontin 1969, 
Fukami & Nakajima 2011), regardless of environmental conditions. Community divergence driven by 
differences in colonization history may be simply due to demographic stochasticity (i.e. ecological drift) 
(e.g. Hubbell 2001), but interspecific interactions may also play a role through priority effects, in which 
the success of a colonizer is impacted by the particular species already present in a community (Drake 
1991). For instance, a species may be unable to colonize a site because its niche is already largely 
occupied by an established species (i.e. limiting similarity; MacArthur & Levins 1967), because limiting 
resources are already being utilized by several different species (i.e. niche preemption; Kardol et al. 
2008), or because the local environment has been altered by early-arriving species (i.e. niche 
modification; Peterson 1984, D’Antonio & Vitousek 1992, Fukami & Nakajima 2013). However, it is 
possible for constituent species to facilitate the establishment of others as well (Holt & Polis 1997, 
Knowlton 2004).  
While these fundamental theories of assembly are well-defined, progress in understanding the relative 
influences of historically-contingent and deterministic processes and how they may interact has been 
limited. This is owed, in part, to an underuse of long-term field experiments (Fukami et al. 2005), 
specifically those involving species-rich communities. By manipulating the initial identity, richness, and 
abundance of propagules in a community, and varying these factors widely over many environmentally 
similar sites, observed assembly patterns can be compared to what would be expected under either 
historically-contingent or deterministic assembly. Under assembly that is predominately deterministic, 
sites in a common environment would become more compositionally similar over time – i.e. sites would 
converge in composition – as superior competitors become more abundant and spread among sites to 
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cause poor competitors to go locally extinct. Under historically contingent assembly, the unique initial 
compositional states of each site would result in unique assembly trajectories along alternative stable 
states, and as such, sites would be expected to maintain compositional differences over time (Beisner et 
al. 2003, Perry et al. 2003, Chase 2010).  
Assessing convergence and divergence among locations can be achieved by calculating the mean beta 
diversity among sites. Originally conceived as a scaling factor between local (i.e. alpha) and regional (i.e. 
gamma) diversity (Whitaker 1960, Whitaker 1972), beta diversity can measure compositional turnover 
among two locales (Anderson et al. 2006). By calculating the beta diversity between every pairwise 
combination of sites, the average compositional difference – that is, the average dissimilarity – among 
sites can be measured. With multiple years of data, convergence would be reflected in a decrease in 
mean beta diversity among sites. Many different methods for measuring beta diversity have been 
proposed (see Tuomisto 2010 and Anderson et al. 2011 for reviews), but beta diversity measured as 
compositional dispersion in multivariate space is ideal in an experimental setting as a multivariate test of 
homogeneity in dispersion can be used to test for significant differences in beta diversity among years 
(Anderson 2006). 
Another, perhaps more important, issue faces ecologists looking to tease apart the processes that 
impact community assembly: the natural world is complex. For instance, it may be difficult, if not 
impossible, to differentiate between truly alternative stable states and alternative transient states in 
assembling communities (Fukami & Nakajima 2011), particularly in communities that contain organisms 
with generational times on the order of decades. Additionally, deterministic and historical processes can 
– and very likely do – work in conjunction during assembly (e.g. Fukami et al. 2005, Caruso et al. 2011, 
Helsen et al. 2012, Guo et al. 2013), but understanding the exact nature of this interaction can be 
exceptionally challenging.  
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To help rectify the complex interactions between processes that drive community assembly, it has been 
proposed that historically-contingent and deterministic processes function simultaneously during 
assembly, but that each is predominate at different levels of community organization. Specifically, it has 
been hypothesized that trait-based functional composition is deterministic, while species composition is 
historically contingent (Fox 1987, Temperton et al. 2004). Fukami et al. (2005) were the first to 
experimentally test this hypothesis and found that plots converged in functional-group composition, but 
remained divergent in species composition, indicating functionally-deterministic assembly and 
historically-contingent species assembly. 
Combining species into a select number of functional groups is a coarse means of integrating functional 
trait information into analyses, however. By reducing species into an arbitrary number of functional 
groups, all species of the same group are considered ecologically identical (and members of different 
groups perfectly dissimilar), and potentially important information is lost. So how can we more 
accurately address the problem of quantifying highly complex ecological niches (Hutchinson 1957) for 
species? One solution has been to use values of functional traits for species, as greater overlap among 
species in functional trait values would theoretically result in greater competition for resources. To 
completely characterize a species’ niche, every functional trait must be quantified, and to measure total 
functional composition of a community, this must be done for every species in that community; this is 
prohibitively difficult (Baraloto et al. 2012). To make this approach feasible, researchers must often 
choose a limited set of traits a priori that is particularly important to the outcome of species interactions 
and that accurately characterizes niche differentiation among the species in question. While there is 
some evidence that a handful of easily-measured traits may indeed predict the overall ecological 
function of species (e.g. Díaz et al 2004), the specific list of appropriate traits may be unique to 
particular regions, pools of species, or research question (Weiher et al. 1999, Cornelissen et al. 2003) 
and thus potentially difficult to define.  
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In order to account for a much larger and more complex suite of traits, it has been suggested that the 
phylogenetic relatedness of species in a community can be used as a proxy for ecological similarity (e.g. 
Webb et al. 2002, Cavender-Bares et al. 2009). It has been observed that closely related species tend to 
be more similar than to distantly-related species at least since Darwin noted it in On the Origin of 
Species (1859). This observation has been developed extensively in the past decades and is generally 
referred to as niche conservatism, which asserts that species become more ecologically distinct over 
time as they evolve independently of one another, and so ecological differentiation among species is 
proportional to phylogenetic differentiation (Lord et al. 1995). While many complex characters support a 
Brownian motion model of evolution (Cooper & Purvis 2010, Harmon et al. 2010), which is assumed in 
niche conservatism (Webb et al. 2002), some research has suggested that many important ecological 
traits exhibit little (Baraloto et al. 2012) or perhaps no (Pavoine et al. 2013) phylogenetic signal (defined 
as the significant pattern of evolutionarily related organisms possessing similar traits or trait values 
[Blomberg et al. 2002]). Despite this, both trait-based and phylogenetic-based approaches to accounting 
for ecological differentiation are complementary (Cadotte et al. 2013) and when used together, the 
assumption of phylogenetic signal among traits can be tested as well. 
In short, the simultaneous influence of initial conditions and deterministic assembly processes may be 
better disentangled by considering the relative influence of these processes on different levels of 
community organization (i.e. species, functional, and phylogenetic). Along the same lines, it may be 
useful to consider in isolation the broader dynamics that influence overall community composition. 
Specifically, the influence of colonization and extinction dynamics are revealed through long-term 
species occupancy patterns, analyzed by weighting species equally using presence/absence data. The 
compositional influence of interactions among constituent individuals is revealed by weighting species 
occupancy by relative abundance. Thus, by analyzing overall assembly patterns under different 
weighting schemes, the relative influence of historically-contingent and deterministic processes on 
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these different compositional dynamics (i.e. colonization/extinction and biotic interactions) can be 
uncovered. 
In this study we explore the relative roles of ecological determinism and historical-contingency 
influencing grassland community assembly at the patch (within-community) scale, using a long-term 
field experiment conducted in northeastern Kansas. In this experiment, we varied initial community 
states among field plots by first removing the existing vegetation and then seeding the plots with 
different numbers and relative abundances of plant species in 2007. From these initial conditions that 
varied widely in species richness, composition, and relative abundances, we analyzed convergence and 
divergence of community composition among plots over the first eight years of the study. With a species 
pool of very high richness and large initial compositional differences among plots, and by using a 
multivariate measure of beta diversity among different levels of community organization and weighting 
schemes, this experiment may provide the best and most thorough test of the role of assembly 
processes to date. 
Specifically, the objectives of the study were as follows: 
1) Assess changes in mean beta diversity (i.e. community dissimilarity) among plots over time. A 
significant decrease in beta diversity indicates a convergence in composition, suggesting the 
predominance of deterministic processes in guiding assembly dynamics. A failure to converge (either no 
change or a significant increase in beta diversity) suggests strong historical contingence, though it may 
also indicate that too little time has passed for deterministic impacts to become substantial. 




3) Compare patterns of compositional change when abundance of species is included to that when only 
species’ presence is considered. 
4) Develop a phylogenetic tree of species used in this experiment and assess the congruency of 
phylogenetic and functional trait distances among species to test the assumption of niche conservatism. 
METHODS 
Study Site and Experimental Design 
The site of the community assembly experiment is located at the Nelson Environmental Study Area 
(NESA) in northeast Kansas, a part of the University of Kansas Field Stations (KUFS) (Jefferson County, 
Kansas; 39°03` N, 95°12` W). The site was previously a hayfield and dominated by Bromus inermis when 
it was acquired by KUFS in 1971. Between the early 1970s until the early 1990s, the site was utilized for 
small mammal research, which include the erection of three fenced enclosures (~1 ha each) and a light 
fertilization application in May 1985; mowing and burning were not a part of the management regime 
during this time, except for the regular mowing of a two-foot strip around each enclosure. The site was 
burned in 2005, and the enclosures were removed in 2006. 
In 2007, the site was prepared by a combination of herbicide, mowing, and scarification. The experiment 
is arranged in a factorial design, consisting of a total of 270 2x2-meter plots, arranged in blocks and 
clusters: one block consists of 15 plots (arranged in a 3- x 5-plot grid), and one cluster consists of 3 
blocks (arranged in a 9- x 5-plot grid) (fig. 1). Within a cluster, plots are separated by one-meter 
walkways; each of the 6 clusters is separated by a 3-meter walkway. 
There were a total of five sowing treatments and three nitrogen treatments; every combination of which 
was represented in each block. The sowing treatments were designed to experimentally manipulate 
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initial species composition, richness, and abundance in order to create a wide variety of initial 
community conditions at the onset of the experiment. From a pool of 48 native and naturalized species 
(table 1), plots were sown with: 1) 16 species, each at a random abundance (16r); 2) 32 species, each at 
a random abundance (32r); 3) all 48 species, each at a random abundance (48r); 4) all 48 species of 
equal abundances (48e); or 5) no species, and the natural seed bank was allowed to emerge (0). All plots 
that received seeds were sown with the same total mass of seed – 264 g – to account for differences 
among species in germination rate and vigor. In the random-abundance sowing treatments (16r, 32r, 
and 48r), sowing abundances within each plot were drawn randomly and without replacement for each 
species from a set lognormal distribution of possible sowing rates. In the 16r and 32r treatments, the 16 
or 32 species (respectively) that were assigned to a plot were drawn randomly from the pool of species. 
At no point were plots weeded. Annual nitrogen treatments of 0, 4, or 12 g N/m2 were initiated in 2010; 
five random plots within each block were assigned to each of these treatments. The experiment was 
first burned in 2009, and continues biennially. 
This study only utilizes data from experimental plots sown with random abundances of species (the 16, 
32, and 48r treatments) in order to maximize initial differences among plots, which allows for the best 
assessment of the impact of historical contingencies on community assembly. Furthermore, plots that 
received fertilizer were also removed in order to maximize the environmental homogeneity of the plots 
analyzed. In all, this study considered 54 total experimental plots. 
Data Collection 
Every year, beginning in 2008, the same 1.5 m x 0.75 m quadrat in each plot (one half the plot, minus 
0.25 m on each of three walkway sides) was sampled for species presence and abundance in late June 
and early July. Abundance was estimated independently for each species, such that the total cover of 
each plot could exceed one hundred percent if multiple canopy-levels were present. One species 
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(Hesperis matrionalis) failed to germinate and was never observed in the experiment. As such, it has 
been left out of all analyses and calculations. 
To examine plant community composition from a functional trait perspective, ten functional traits 
shown to be ecologically important (e.g. Weiher et al. 1999, Fukami et al. 2005, Kraft et al. 2008, Helsen 
et al. 2012, Sonnier et al. 2012) were selected for analyses: leaf nitrogen content, specific leaf area (SLA), 
nitrogen fixation ability, photosynthetic pathway, maximum vegetative height, seed mass, life history, 
growth habit, floral initiation, and floral senescence. These traits were obtained for as many species in 
the 48-species pool as possible, from literature searches and the TRY Plant Trait Database (Kattge et al. 
2011). To fill in missing SLA data, measurements were made from leaves collected from the experiment 
following the methods from Cornelissen et al. (2003). For one rare species, an SLA value was missing; 
this value was estimated using the mean of all other values. Leaf nitrogen data were missing for eleven 
of the species, and these missing values were interpolated based on the correlation between existing 
SLA and leaf nitrogen values (table 1). 
A phylogenetic tree among species in the experiment was constructed with branch lengths proportional 
to evolutionary distances among taxa. Sequence data for all 140 plant species found in the experiment 
across all years were obtained for the ITS1-5.8s-ITS2 nuclear gene region from Genbank (Benson et al. 
2009). If sequence data were not available, leaf tissue was collected from undamaged, fully mature 
leaves and stored at -20°C until sequencing could occur. Genes were amplified using the 
C26A/Nnc18S10 (Wen & Zimmer 1996) and ITS4/ITSL (Hsiao et al. 1995) primers. Sequence data was 
aligned using the program MUSCLE (Edgar 2004). BEAST v1.80 (Drummond et al. 2012) was used to 
construct an ultrametric tree using an HKY substitution model, a coalescent tree prior of constant size 
(Kingman 1982), and a strict clock model, using an MCM of length 10,000,000. The analyses in this study 
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were conducted on a subset of these species (i.e. only species experimentally sown), and so this 
phylogenetic tree was pruned for these analyses to include just the sown species (fig. 2). 
Alpha and Gamma Richness and Diversity Calculations 
Alpha richness was calculated as the number of species in a given experimental plot, and gamma 
richness was the total number of species observed among all experimental plots. Alpha diversity was 
calculated as the Shannon’s diversity index of a given experimental plot. To calculated gamma diversity, 
Shannon’s diversity index was calculated using the sum of absolute abundances of each species among 
all experimental plots. 
Beta Diversity Calculations 
The term “beta diversity” has been used in different contexts, each with subtly different meanings. 
Originally, beta diversity was used as a scaling factor between local (α) and regional (γ) diversity 
(Whitaker 1960, Whitaker 1972). In this strict definition, β = γ/ᾱ (although there has some debate about 
whether beta should describe the additive or multiplicative relationship between mean alpha diversity 
and gamma diversity; see Jost 2007). Following this, if mean alpha diversity is very close to gamma (i.e. if 
individual sites, on average, exhibit diversity that approaches that encompassed by all sites) – and 
therefore beta is low – then many more species will be shared between sites than if mean alpha 
diversity is much lower than gamma. This characteristic of beta diversity led to the implication that it 
could also be defined in terms of inter-site similarity (within the same regional species pool, at least) 
(Anderson et al. 2006). 
In addition to measures of beta diversity developed from this original definition (as a scaling factor 
between local and regional diversity), the idea of beta diversity as a measure of turnover among sites 
has also prompted the development of a multidimensional definition of beta diversity (see Anderson et 
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al. 2011 for an overview of these different classes of beta diversity measures), which utilizes measures 
of inter-site resemblance measurements (e.g. dissimilarity). 
In this study, multidimensional beta diversity is measured as the mean distance from each site to the 
centroid of all sites (also called mean dispersion) in multidimensional species, functional, or 
phylogenetic space – greater mean distance from the centroid is equated with a greater the dissimilarity 
among sites, and therefore greater β-diversity. This requires a site-by-site distance matrix, which 
represents the pairwise differences among plots in terms of species, functional, or phylogenetic 
composition. For species composition, this matrix was filled using either the Jaccard dissimilarity index 
(for binary data) or the Bray-Curtis dissimilarity index (for abundance-weighted data) calculated using 
the vegan package (Oksanen et al. 2015) in R (R Core Team 2015). For functional and phylogenetic 
composition, an inter-site distance matrix first requires a species-by-species dissimilarity matrix, which 
represents the pairwise differences between species in terms of functional traits or phylogenetic 
relatedness. Because it allows for multiple data types, functional distances between species were 
calculated using Gower dissimilarity values (Gower 1971) modified to manage ordinal variables as 
described by Podani (1999). These dissimilarity values were calculated using the ‘gowdis’ function from 
the FD package in R (Laliberté & Legendre 2010). To measure interspecific phylogenetic dissimilarity, 
cophenetic distances were calculated from the branch lengths of the phylogeny of species (Sokal & Rolf 
1962). These species-by-species dissimilarity matrices were then used to calculate the mean pairwise 
distance between each species present among every pairwise combination of plots using the ‘comdist’ 
function from the R package Picante (Kembel et al. 2010), thus creating plot-by-plot dissimilarity 
matrices from which to calculate the mean dispersion (i.e. beta diversity) among plots. Differences 
among each year’s centroid were assessed using a permutational MANOVA (McArdle & Anderson 2001, 
Anderson 2001) of 999 permutations, using the ‘betadisper’ and ‘permtest’ functions from the vegan 
package in R (Oksanen et al. 2015). 
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Multidimensional (species, functional, and phylogenetic) beta diversity values were calculated for sites 
when composition was defined when species were both unweighted and weighted by abundance across 
all years of the study (eight years, from 2008 through 2015). Sites were considered to be significantly 
converging or diverging when both of two conditions are met: 1) significant differences between 
multivariate dispersion values of the first and last years of the study (less for convergence, greater for 
divergence) as assed with a permutation test of multivariate homogeneity of group dispersions (using 
999 permutations) (Anderson 2006); and 2) dispersion values are significantly predicted by year in a 
linear model to ensure significant changes are consistent over time. 
Individual Trait Analysis 
The mean dispersion of plots with regards to individual traits was analyzed similar to overall functional 
dispersion, except dissimilarity matrices were calculated for single traits (still using the Gower 
dissimilarity coefficient). Analyses were conducted using both unweighted and abundance-weighted 
data. Convergence and divergence are assessed as with overall species, functional, and phylogenetic 
composition. 
Phylogenetic Signal of Traits 
In order to determine the degree to which similarities among species in functional trait data are 
represented by phylogenetic distances, Abouheif’s Cmean (Abouheif 1999) was used to evaluate the 
phylogenetic signal of the trait data. This is an autocorrelation approach and has been shown to perform 
strongly when testing for a significant phylogenetic signal of traits within a single phylogeny 
(Münkemüller et al. 2012). To assess the hypothesis that the observed value is significantly different 
than would be expected by chance, a distribution of values is achieved by randomly shuffling the tips of 
the phylogeny 9999 times and calculated a value for each. The observed value is compared to this 
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distribution to obtain a p-value. This analysis was conducted using the adephylo package in R (Jombart & 
Dray 2009). 
Graphs 
Graphs were created using the R packages ggplot2 (Wickham 2009) and ape (Paradis et al. 2004). 
RESULTS 
Compositional Change  
A permutational multivariate analysis of variance indicated a significant change in community 
composition over time for every level of community organization and whether using unweighted or 
abundance-weighted data: species composition (unweighted: pseudo-F = 8.959, R2 = 0.129, p < 0.001 
[fig. 3a]; abundance-weighted: F =8.063, R2 = 0.117, p < 0.001 [fig. 3b]), functional composition 
(unweighted: F = 2.251, R2 = 0.036, p < 0.001 [fig. 3c]; abundance-weighted: F = 6.039, R2 = 0.091, p < 
0.001 [fig. 3d]), and phylogenetic composition (unweighted: F = 1.97, R2 = 0.022, p < 0.001 [fig. 3e]; 
abundance-weighted: F = 6.132, R2 = 0.092, p < 0.001 [fig. 3f]). Correlations between centroid positions 
on NMDS axis 1 (x-axes in fig. 3) and year indicated that these changes were also significantly 
progressive among all levels of community organization and data: species composition (unweighted: r = 
0.941, p < 0.001; abundance-weighted: r = 0.879, p < 0.005), functional composition (unweighted: r = 
0.939, p < 0.001; abundance-weighted: r = 0.918, p < 0.005), and phylogenetic composition 
(unweighted: r = 0.921, p < 0.005; abundance-weighted: r = 0.879, p < 0.005). 
Species Alpha and Gamma Diversities 
Mean alpha richness decreased significantly (repeated measures ANOVA: F = 114.5, p < 0.001) and 
substantially over time, with a maximum mean of 22.48 species per plot in 2008 and a minimum of 
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12.41 in 2012. Mean richness in 2015, the final year of data, was 13.07, which marks an average of 
41.9% loss of species per plot over the course of the study. Similarly, gamma richness decreased from a 
maximum of 45 species in 2008, to a minimum of 33 species in 2012 and 2014, with an overall decrease 
of 24.4% from 2008 to 2015 (from 45 to 34 species). This change was also significantly negatively 
correlated with year (r = -0.902, p < 0.005) (fig. 4a, fig. 5). 
Mean alpha diversity (calculated as Shannon’s diversity index), on the other hand, increased significantly 
over time (repeated measures ANOVA: F = 6.242, p < 0.001), with a minimum of 1.71 in 2009 and a 
maximum of 1.91 in 2014. The change in gamma diversity was significantly negatively correlated with 
time (r = -0.708, p < 0.05) (fig. 4b, fig. 6). 
Phylogenetic Signal in Traits 
A phylogenetic tree among all species found in the experiment (sown and not) was produced from the 
ITS1-5.8s-ITS2 nuclear gene region and pruned to include just the sown species (fig. 2). The broad 
topography of the resulting tree, including the relationships among and the taxa contained within 
Poaceae, Fabaceae, and the Asterids, is well supported (e.g. Stevens 2001, Soltis et al. 2005, The 
Angiosperm Phylogeny Group 2009). Within Poaceae, the relationships among the C4 taxa of 
Panicoideae (e.g. Panicum virgatum, Sorghastrum nutans, Andropogon gerardii) and Chloridoideae 
(genus Bouteloua) agree with that of current literature, although the relationships among the other 
grasses are questionable, specifically between Bromus inermis (tribe Bromeae)/Elymus canadensis (tribe 
Triticeae), Dactylis glomerata (tribe Poeae, subtribe Dactylidinae)/Schedonorus arundinaceus (tribe 
Poeae, subtribe Loliinae), and the other taxa, which are members of the tribe Poeae (Soreng et al. 2015). 
The relationships among taxa within Fabaceae are well supported, exhibiting an early divergence of the 
Cassieae and Mimosoideae clades from the Faboideae subfamily, and accepted relationships among the 
tribes Galegeae, Trifolieae, Desmodieae, and Amorpheae therein (Bruneau et al. 2008, Cardoso et al. 
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2013). Within the Asterids, there is a clear division between the euasterids I clade (specifically, order 
Lamiales, represented here by members of Verbenaceae, Scrophulariaceae, and Lamiaceae) and the 
euasterids II clade (orders Apiales – represented by one taxon in this experiment, and Asterales) 
(Angiosperm Phylogeny Group 2009). The division within Asterales between the supertribes Asterodae 
(containing tribes Asterea and Anthemideae) and Helianthodae (containing tribes Coreopsidae and 
Heliantheae) also agrees with recent classifications (e.g. Robinson 2004, Kadereit & Jeffery 2007). 
Randomizations tests of Abouheif’s Cmean (Abouheif 1999) indicate a lack of significant phylogenetic 
signal in SLA (p > 0.1), seed mass (p > 0.5), floral senescence (p > 0.1), and marginally so in life history (p 
= 0.056). A significant phylogenetic signal was observed in leaf nitrogen content (p < 0.001), nitrogen 
fixation (p < 0.001), photosynthetic pathway (p < 0.001), vegetative height (p < 0.05), growth habit (p < 
0.001), and floral initiation (p < 0.01) (fig. 7).  
Beta Diversity 
Permutation tests and linear models indicated that species composition failed to significantly converge 
(become more dissimilar) or diverge (become more dissimilar) when unweighted (permutation test: t = 
0.557, p > 0.05; linear model: F = 0.796, p > 0.05) (fig. 8a), but significantly converged when weighted by 
species abundance (permutation test: t = 2.694, p < 0.01; linear model: F = 16.57, p < 0.001) (fig. 8b). 
Plots significantly converged in functional composition when species were unweighted (permutation 
test: t = 2.803, p < 0.01; linear model: F = 13.87, p < 0.001) (fig. 8c) and significantly diverged when 
species were weighted by abundance (permutation test: t = -4.174, p < 0.001; linear model: F = 46.13, p 
< 0.001) (fig. 8d). For phylogenetic composition unweighted by species abundance, dispersion differed 
significantly among years (permutation test: t = 2.577, p < 0.05), but did not show a monotonic trend of 
convergence or divergence (linear model: F = 2.57, p > 0.05) (fig. 8e). However, when species were 
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weighed by abundance, communities diverged in phylogenetic composition (permutation test: t = -
6.075, p < 0.001; linear model: F = 106.7, p < 0.001) (fig. 8f). 
Dispersion of Individual Traits 
The change in mean dispersion was measured for all individual traits (fig. 9). Sites converged in terms of 
leaf nitrogen when species are unweighted (permutation test: t = 15.11, p < 0.001; linear model: F = 
434.3, p < 0.001) and weighted by species-abundance (permutation test: t = 11.31, p < 0.001; linear 
model: F = 196.1, p < 0.001) (fig. 9a). With respect to SLA, sites converged significantly when species 
were unweighted (permutation test: t = 5.01, p < 0.01; linear model: F = 72.3, p < 0.001) and also when 
weighted by abundance (permutation test: t = 3.27, p < 0.001; linear model: F = 33.38, p < 0.001) (fig. 
9b). With respect to nitrogen fixation, sites converged significantly when species were unweighted 
(permutation test: t = 3.74, p < 0.001; linear model: F = 10.04, p < 0.05) but failed to converge when 
species were weighted by abundance (permutation test: t = 0.37, p > 0.05; linear model: F = 1.62, p > 
0.05) (fig. 9c). With respect to photosynthetic pathway, sites significantly diverged when species were 
unweighted (permutation test: t = -6.54, p < 0.001; linear model: F = 104.4, p < 0.001) and also when 
weighted by abundance (permutation test: t = -10.64, p < 0.001; linear model: F = 250.3, p < 0.001) (fig. 
9d). With respect to vegetative height, sites failed to converge when species were unweighted 
(permutation test: t = -1.79, p > 0.05; linear mode: F = 7.134, p < 0.01) and also when weighted by 
abundance (permutation test: t = 2.4, p < 0.05; linear model: F = 3.635, p > 0.05) (fig. 9e). With respect 
to seed mass, sites significantly diverged when species were unweighted (permutation test: t = -5.723, p 
< 0.001; linear model: F = 56.72, p < 0.001) and also when weighted by abundance (permutation test: t = 
-6.365, p < 0.001; linear model: F = 111.4, p < 0.01) (fig. 9f). With respect to life history, sites converged 
significantly when species were unweighted (permutation test: t =5.062, p < 0.001; linear model: F = 
66.66, p < 0.001) and also when weighted by abundance (permutation test: t = 7.768, p < 0.001; linear 
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model: F = 100.9, p < 0.001) (fig. 9g). With respect to growth habit, sites failed to converge when species 
were unweighted (permutation test: t =0.14, p > 0.05; linear model: F = 1.939, p > 0.05) but diverged 
significantly when species were weighted by abundance (permutation test: t = -10.342, p < 0.001; linear 
model: F = 241, p < 0.001) (fig. 9h). With respect to floral initiation, sites converged when species were 
unweighted (permutation test: t = 2.139, p < 0.05; linear model: F = 30.97, p < 0.001) and also when 
weighted by abundance (permutation test: t = 5.138, p < 0.001; linear model: F = 67.25, p < 0.01) (fig. 
9i). With respect to floral senescence, sites converged significantly when species were unweighted 
(permutation test: t = 6.158, p < 0.001; linear model: F = 99.11, p < 0.001) but failed to converge when 
species were weighed by species abundance (permutation test: t = 0.792, p > 0.05; linear model: F = 
6.772, p < 0.01) (fig. 9j). 
Plots converged on dominance of species of lower SLA and leaf N (regardless of species weighting), on 
occupancy of nitrogen-fixing species, on dominance by perennial plants and plants delayed in floral 
initiation (regardless of species weighting), and on occupancy of species with later floral senescence 
(table 2). 
Comparing the absolute changes in individual trait dispersion reveals that most of the patterns of 
convergence and divergence are similar but slightly exaggerated when species are weighted by 
abundance. The obvious and important exceptions are photosynthetic pathway, the divergence of which 
is substantially larger when species are weighted by abundance, and growth habit, which doesn’t 
diverge at all when species are unweighted (fig. 10) 
DISCUSSION 
The overarching goal of this experiment is to explore the extent to which plant community dynamics at 
the within-community scale conform to deterministic or historically-contingent models of community 
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assembly. Here inferences are drawn from community dynamics observed over the first eight years of 
community assembly in a perennial plant system that is still highly dynamic, undergoing successional 
change, and far from stabilization. Indeed, the data show that there were significant changes in species 
diversity, substantial losses of species from plots, and major directional shifts in species, functional and 
phylogenetic composition over the course of this study. These drastic changes in composition indicate 
that these experimental communities have undergone substantial community assembly, but say nothing 
about driving forces behind that assembly, particularly those related to planting history.  
The impact of deterministic and historically-contingent processes on assembly is reflected in the degree 
to which plots converged or remained divergent in composition, respectively, and was measured as 
mean among-plot beta diversity. A convergence in among-plot compositional similarity (i.e. a decrease 
in beta diversity) would indicate that deterministic processes such as competition are principal drivers of 
compositional shifts through consistent and nonrandom changes over time in species presence and/or 
abundances, despite initial compositional differences. On the other hand, if initial differences persist 
over time and sites fail to converge, it would indicate that the impact of initial conditions – species 
richness, composition, or relative abundances – is of primary importance in directing the dynamics and 
trajectory of assembly. Non-convergence may be due to completely stochastic processes, such as in 
ecological drift (Hubbell 2001), or result from priority effects that lead to persistent alternative stable 
states that are robust to shifts toward other states, except in the presence of substantial disturbance 
(Lewontin 1969, Law 1999). However, it is also possible for communities to be diverging into states that 
are transient – those that are fluctuating, and thus not truly stable, and often kept so by disturbance 
(Fukami & Nakajima 2011). 
Convergence and divergence, which relate to predominance of deterministic and historically-contingent 
assembly processes, respectively, was assessed for functional trait as well as phylogenetic composition – 
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in addition to species composition – in order to integrate information about species' niche 
requirements. Additionally, analyses were conducted using both abundance-weighted data, to highlight 
dynamics of those dominant species that overwhelmingly contribute to community dynamics (Grime 
1998), and unweighted (presence/absence) data, which emphasizes colonization and extinction 
dynamics that contribute to species richness and composition and may be impacted by assembly 
processes differently than assembly dynamics. 
Species Composition 
Beta diversity analyses indicated that when species are unweighted, plots showed no convergence in 
species composition (fig. 8a). A significant decrease in mean alpha richness overtime (fig. 4a) indicates 
that compositional shifts were almost exclusively due to extinctions and impacted little if at all by 
colonization dynamics (fig. 5). While the decrease in gamma richness (fig. 4a) means that a handful of 
these species’ extinctions were consistent throughout the experiment (and therefore largely 
deterministic), a failure of plots to converge in overall species occupancy is consistent with expectations 
of stochastic local extinctions resulting from initial abundance (i.e. species of initially lower abundance 
are more likely to go locally extinct than species of higher initial abundance), made possible by 
experimentally manipulating species’ sowing rates among plots. 
When species were weighted by relative abundance, however, plots converged (fig. 8b), which is a 
pattern consistent with deterministic community assembly. Abundance-weighted patterns are driven 
predominately by those species that are of a disproportionately-high relative abundance. A failure to 
converge in abundance-weighted species composition would indicate that plots exhibited unique 
combinations of dominant species, that were initiated by the sowing treatments and that persisted over 
the course of assembly. The significant convergence that was observed, however, means that dominant 
species among plots grew more similar over time, regardless of initial community states. Over time, the 
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species that dominate plots are increasingly from the same small pool of native perennial prairie species 
that have either consistently increased in abundance over time (e.g. Andropogon geradii, Sorghastrum 
nutans, Schizachyrium scoaparium, Silphium laciniatum) or have maintained high abundance over the 
entire time frame (e.g. Helianthus maximiliani and Ratbida pinnata) (fig. 6). 
Overall, these results signify that species occupancy dynamics are so far largely contingent upon initial 
conditions. Abundance dynamics of some species, however, within those historically-contingent 
assemblages, are strongly deterministic – the same species are growing to occupy a large proportion of 
the community despite initial sowing rates.  
Functional Composition 
Plots converged in occupancy-based (unweighted) functional composition (fig. 8c), signifying strong 
impacts of deterministic assembly, and suggests that species loss (or persistence) was functionally non-
random. When individual traits were analyzed (figs. 9 & 10a, table 2), plots converged on smaller values 
of leaf nitrogen, smaller values of SLA, fewer nitrogen-fixing species, longer-lived species, and species of 
later floral initiation and senescence. Lower values of leaf nitrogen content and SLA correspond with 
slower growth rates and better retention of nutrients in unproductive systems (Grime et al. 1997) and 
coupled with the life history and floral phenology patterns suggests that this pattern largely reflects the 
loss of annual species and persistence of slow-growing, competitive, later-blooming perennial species – 
in short, functional occupancy patterns show a strong signal of ecological succession.  
When species were weighted by abundance, functional composition diverged among plots (fig. 8d), 
revealing a strong impact of historical contingence. The traits most responsible for this divergence (fig. 
10b, table 2) were photosynthetic pathway and growth habit, with a strong impact of seed mass as well, 
and plots thus appear to be diverging to those either dominated by C4 grasses or C3 forbs. The species 
that drove abundance-weighted species-composition dynamics are also members of these two broad 
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functional groups (A. gerardii, S. nutans, and S. scoaparium are C4 grasses; S. laciniatum, H. maximiliani, 
and R. pinnata are C3 forbs), indicating that the same species, not surprisingly, are responsible for the 
functional divergence of these plots while also causing plots to converge in (abundance-based) species 
composition.  
In all, functional occupancy among plots was convergent, which reflected, at least in part, the process of 
ecological succession. Abundance dynamics, on the other hand, caused plots to diverge functionally, and 
was strongly linked to the functional variation exhibited by the deterministically-dominant group of 
species.  
Individual Trait Dispersions 
An interesting and important pattern was revealed when dispersion among plots was analyzed for 
individual traits (figs. 9 & 10): there was no consistency among plots in convergence or divergence 
patterns among traits, although there was often consistency in those patterns among weighting 
schemes: for both presence/absence and abundance-weighted data, plots converged converged on 
smaller values of leaf nitrogen, converged on smaller values of SLA, diverged in photosynthetic pathway, 
remained divergence in vegetative height, diverged in seed mass, converged on longer-lived species, 
converged on delayed floral initiation (plots exhibited a convergence in nitrogen fixation for 
presence/absence data but no change for abundance-weighted data, no change in growth habit for 
presence/absence data but divergence for abundance-weighted data, and convergence in floral 
senescence for presence/absence data but no change for abundance-weighted data [table 2]). 
Therefore, not only do deterministic and historically-contingent processes differ in predominance 
among different levels of community organization, but also within levels of community organization - in 
this case, with respect to individual traits that make up the aggregate measure of functional trait 
composition. Looking at overall functional trait dynamics may belie the greater complexity of 
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community assembly dynamics and may therefore lead to gross oversimplification in the least and 
complete misunderstanding at the worst. 
Furthermore, it is important to note that, even though each of these functional traits have been shown 
to be important in ecological processes, they are not independent of one another. For instance, in this 
study, growth habit and photosynthetic pathway were shown to be strongly responsible for the 
significant pattern of functional divergence. However, while these traits are ecologically important, they 
were substantially correlated in this study: the only species that exhibited C4 photosynthesis were 
grasses. Thus, the pattern in overall functional composition may be inappropriately skewed towards 
divergence due to the covariance among traits related to divergence. For this reason, traits should be 
subject to orthogonal transformation (e.g. principle component analysis) prior to analyses. 
Phylogenetic Composition 
Plots failed to converge significantly in phylogenetic-occupancy composition (fig. 8e) over time. While 
this pattern was fairly dynamic, with initial convergence of plots from 2008 to 2011 and subsequent re-
divergence through 2015, the lack of overall directionality indicates a predominance of historically-
contingent processes. 
The significant divergence of abundance-weighted phylogenetic composition largely reflects those of 
functional composition, and appears to be closely related to the divergence in C4-grass-dominated plots 
(which are all members of Poaceae, specifically the PACMAD clade [Soreng et al. 2015]) and C3-forb-
dominated plots (the members of which are almost all from the Heliantheae tribe of the family 
Asteraceae) (fig. 6). So while several traits did not show a significant phylogenetic signal (SLA, seed mass, 
floral senescence, or, marginally, life history), those that were of the most important in this divergence 




This study allowed the opportunity to compare how trait values vary among a phylogenetic tree, 
thereby testing the assumption of niche conservatism and overall usefulness of phylogenetic analyses in 
studies of community ecology. Of the ten traits that were measured, just over half exhibited a significant 
phylogenetic signal. This provides an argument against niche conservatism and therefore the use of 
phylogenetic analyses in this context, but there are a few important caveats to this. First, only ten traits 
were analyzed in this experiment and tested for phylogenetic signal, which is not enough to draw strong 
conclusions about a larger range and variety of traits. Second, it has not been tested (and is difficult to 
test in general) and therefore cannot be concluded that any of these traits are actually responsible for 
species interactions that structure communities during assembly – no tests have been conducted to 
support any causal relationships among traits and assembly processes. So while the present results 
suggest tentatively that phylogenetic distances can be used as a univariate measure of multivariate 
functional distances in limited and tenuous capacity among species in ecological studies, much more 
thorough research must be conducted in this area.  
Synthesis 
The overarching goal of this study was to examine patterns of compositional convergence and 
divergence among different levels of community organization to better understand the inter-
relationships between historically-contingent and deterministic processes in community assembly. 
Overall, the results suggest that these processes do indeed function simultaneously but at different 
levels of community organization (i.e. with respect to species, functional, and phylogenetic 
composition), and they may affect occupancy dynamics and abundance dynamics differently.  
This latter point, that assembly process differ not only among levels of community organization but also 
within them, is novel to this experiment. This conclusion is supported not only by individual trait 
24 
 
analyses, as mentioned earlier, that suggest plots converge and diverge with respect to different traits, 
but also by the differences in convergence and divergence patterns that emerge when weighting species 
by abundance or by presence. Occupancy patterns appear to be driven by stochastic local extinctions 
(driven by randomized initial conditions) and deterministic functional interactions; abundance dynamics 
appear to be largely deterministic in terms of species, but functionally historically-contingent. 
The previous study of Fukami et al. (2005) agrees with the conclusion that assembly processes function 
simultaneously but at different levels of community organization, but their results differed completely 
from these: using abundance-weighted data, Fukami et al. found plots to remain divergent in species 
composition and to converge in functional composition; the present study found species convergence 
and functional trait divergence.  
Rectifying these opposing results is a difficult task and may be linked to multiple different sources. One 
may simply be a matter of study sites and organisms – the heathlands of the Netherlands where the 
experiment of Fukami et al. was conducted differs in many ways from the grasslands of Eastern Kansas, 
including temperature, precipitation, and soil fertility. There are many theories and hypotheses about 
how species interactions vary across environmental conditions (e.g. the stress gradient hypothesis 
[Bertness & Callaway 1994]; CSR strategy theory [Grime 2007]; resource-ratio hypothesis [Tilman 1985]), 
but it is generally accepted that they do, and as such, different systems may exhibit different durations 
of time for species interactions to be revealed in among-plot dynamics. In the present study, for 
instance, species interactions may be stronger, with outcomes therefore occurring more quickly, leading 
to convergence in species composition more quickly. Intensity of species interactions related to 
environmental conditions may be further impacted by differences among studies in sowing densities (it 
should be noted that Fukami et al. defined sowing rates in number of seeds per square meter, with a 
total of 3500 seeds added per square meter in each plot; the present experiment, on the other hand, did 
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so in grams of seeds per square meter, with 116 grams of seeds added per square meter, and this makes 
the actual comparisons of sowing densities difficult), or size and composition of species pools (different 
pools of species may be more apt to producing species-level priority effects) 
Perhaps the most glaring difference in methodology among these two studies was the difference in 
measuring functional composition – Fukami et al. utilized functional trait groups, while the present 
study incorporated a multidimensional measure of trait dispersion based on actual trait values. While 
using functional trait groups – even those based on trait values – is a rather coarse way of quantifying 
functional composition (e.g. combining species into a smaller number of groups – often by more than 
half – reduces the complexity of the community and treats all species with a group as functionally 
identical and all species among groups as completely disparate), using transformed trait values, 
especially those of different data types (i.e. continuous vs. categorical), can lead to other drawbacks 
(e.g. covariance within the data). However, the pattern of phylogenetic divergence, which is a univariate 
measurement and thus cannot be affected by covariation in data, may help to reaffirm those results.  
In addition to the contradictions between the present results and those from other studies, the present 
results themselves – abundance-weighted species convergence and functional divergence – appear to 
be contradictory in nature. This may be explained by drawing ties between the patterns of deterministic 
dynamics of dominant species, historically-contingent species occupancy dynamics, and the large 
functional variance among dominant species: the same small group of species has grown to dominate 
plots across the experiment, reducing the dissimilarity among plots in highly abundant species; however, 
the presence of these species is contingent on sowing treatments (they are not colonizing plots in which 
they were not sown), and so variability exists among plots in which dominant species are present; and 
these species are functionally disparate, and so small differences in dominant species composition 
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among plots can result in large differences – which increase as the abundance of these species do – in 
functional trait composition. 
If this pattern of functional divergence is maintained over time, it would indicate that, despite the 
presence of a deterministic competitive hierarchy, varying initial conditions in community membership 
create a biotic and abiotic environment unique to assemblages that cannot be invaded by other species 
(Law 1999, Fukami 2015). However, it is quite important to note that the results from this and the 
previous experiments are/were from quite early in the assembly process – less than a single generation 
for many of the species. Early dispersal limitation among sites may emphasize high levels of variation 
inherent to early assemblages (Hurtt & Pacala 1995, Fukami & Nakajima 2011) – particularly these 
assemblages that were sown to be intentionally variable – producing a temporary pattern of initial 
functional divergence that reflects sowing treatments. If this pattern of divergence represents transient 
alternative states, plots would be expected to eventually converge in species occupancy as well as in 
abundance-weighted functional and phylogenetic composition with sufficient dispersal, and would thus 
demonstrate assembly to be only temporarily historically-contingent and overall strongly deterministic 
in the long-term.  
It is also significant to note that that, despite eight years of data, the conclusions from this experiment 
are possibly premature; the patterns of community assembly still have the capacity to change 
substantially over the course of decades, and this highlights the importance of maintaining long-term 
community assembly experiments. The results from these experiments are important not only to 
grassland communities, but also apply to many other communities – microbial communities in the 
human gut, for instance, which may have substantial health implications. Furthermore, the necessity of 
understanding these processes is becoming more urgent in the face of global climate change and its 
increasing impacts on natural communities, and is compounded by the continual devastation of high-
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integrity ecosystems. By improving our knowledge of the processes that drive community assembly, it 
may improve our ability to cope – in terms of maintaining biodiversity, agriculture, and crucial 





Figure 1: Experimental layout. Dotted lines separate blocks. Colors of plots indicate sowing 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 3: Compositional change, shown as NMDS plots. Ovals represent the 95% confidence interval 
of the centroid each year. Centroids changed significantly and progressively among years for every 
compositional perspective and weighting scheme. 
a) Unweighted Species Composition b) Abundance-Weighted Species Composition 
 
c) Unweighted Functional Composition 
 
d) Abundance-Weighted Functional Composition 
 
e) Unweighted Phylogenetic Composition 
 





Figure 4: Species gamma and mean alpha (a) richness and (b) diversity. Error bars are 95% 
confidence intervals. Mean alpha richness decreased significantly over time (repeated measures 
ANOVA: F = 114.5, p < 0.001) and the decline was significantly and negatively correlated with time (r 
= -0.888, p < 0.005). The decline of gamma richness was also significantly and negatively correlated 
with time (r = r = -0.902, p < 0.005). Mean alpha diversity increased significantly over time (repeated 
measures ANOVA: F = 6.242, p < 0.001) and this increase was significantly and positively correlated 
with time (r = 0.879, p < 0.005). The decline of gamma diversity was significantly and negatively 
























































































































































































































































































































































































































































































































































































Figure 8: Mean dispersion from centroid among years: with respect to species composition, sites 
displayed a) no significant change in dispersion when species were not weighted by species 
abundance (F = 0.4, p > 0.05), and b) a significant decrease in dispersion when they were weighted 
by species abundance (F = 2.76, p < 0.01); with respect to functional composition, sites displayed c) a 
significant reduction in dispersion when species were unweighted (F = 3.53, p < 0.005), and d) a 
significant increase in dispersion when species were weighted by abundance (F = 7.9, p < 0.001); 
with respect to phylogenetic composition, sites displayed e) a significant change in dispersion over 
time (F = 4.84, p < 0.001), though this primarily reflects the substantial drop in 2011, and f) a 
significant increase over time when species were weighted by abundance (F = 18.01, p < 0.001). 
a) Unweighted Species Composition b) Abundance-Weighted Species Composition 
c) Unweighted Functional Composition d) Abundance-Weighted Functional Composition 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Trait Weighting β-Diversity Trait Direction CWM 2008 CWM 2015 
Leaf Nitrogen Unweighted Converged Decrease 22.14 18.28 
 Abundance Converged Decrease 21.7 16.45 
SLA Unweighted Converged Decrease 17.5 15.31 
 Abundance Converged Decrease 17.97 15.08 
Nitrogen Unweighted Converged Decrease 25.87% 20.76% 
     Fixation Abundance No Change - - - 
Photosynthetic Unweighted Diverged - - - 
     Pathway Abundance Diverged - - - 
Vegetative Unweighted No Change - - - 
     Height Abundance No Change - - - 
Seed Mass Unweighted Diverged - - - 
 Abundance Diverged - - - 












Growth Habit Unweighted No Change - - - 
 Abundance Diverged - - - 
Floral  Unweighted Converged Later 5.86 6.31 
     Initiation Abundance Converged Later 6.04 6.62 
Floral Unweighted Converged Later 8.79 8.87 
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